The Hadley circulation (HC) has widened in recent decades, and it widens as the climate warms in simulations. But the mechanisms responsible for the widening remain unclear, and the widening in simulations is generally smaller than observed.
Introduction
The Hadley circulation (HC) has widened in recent decades, leading to an expansion of the subtropical dry zones (Hu and Fu 2007; Johanson and Fu 2009; Seidel and Randel 2007; Lucas et al. 2014; Cubasch et al. 2013; Nguyen et al. 2013 ). Climate models of phase 3 (Johanson and Fu 2009 ) and phase 5 (Ceppi and Hartmann 2013) of the Climate Model Intercomparison Project (CMIP3 and CMIP5) underestimate the widening, reinforcing speculations about the reliability of models and reanalyses (Johanson and Fu 2009; Quan et al. 2014 ) and of HC extent diagnostics (Davis and Rosenlof 2012) .
The relative roles of global warming and of other climate variations in the recent widening of the HC are unclear. In idealized and comprehensive climate simulations, the total HC width (HCW; defined as the latitudinal distance between the northern and southern termini of the HC) increases on average by ;1.28 latitude per kelvin global surface temperature increase (8 K
21
) ). Yet observations indicate that the HCW has increased at a substantially larger rate of up to ;78 K Additionally, global warming-indicated by the positive trend in global-mean surface temperature-appears to have ''paused'' between 1997 ''paused'' between and 2012 ''paused'' between (Cubasch et al. 2013 ). Yet here we show that the widening of the HC has continued during that time.
The goal of the present paper is to identify factors that play a role in the observed and simulated widening of the HC and to assess their relative importance in observations and models so that possible causes of model biases can be pinpointed. Starting from the observation that El Niño and the Southern Oscillation (ENSO) are associated with substantial changes in HCW-the HC narrows during El Niño and widens during La Niña (Seager et al. 2003; Nguyen et al. 2013 )-we define simple indices that decompose sea surface temperature (SST) variations orthogonally into factors that are primarily associated with global warming (mean SST changes) and ENSO (SST gradient changes).
We compare interannual variability and trends of the Hadley circulation width in 6 reanalysis datasets with 22 Atmospheric Model Intercomparison Project (AMIP) simulations, in which atmospheric GCMs are driven by prescribed historical SST, and with 11 CMIP5 historical simulations, in which coupled ocean-atmosphere GCMs are driven by prescribed historical atmospheric compositions (e.g., greenhouse gases and volcanic aerosols). This allows us to separate HCW trends owing to different factors; effects of recent changes in atmospheric composition, which should be captured in both AMIP and CMIP5 simulations, can be separated from the effects of recent changes in ocean conditions not related to external forcings (e.g., ENSO), which would be captured in AMIP but not necessarily in CMIP5 simulations.
Data
Annual-mean data derived from monthly means for the years 1979-2012 were analyzed from the six reanalysis datasets listed and expanded in Table 1 (with the exception of the Twentieth Century Reanalysis Project, for which only data through 2011 were available). Sea surface temperature and the Oceanic Niño Index (ONI, the deviation of the 3-month running mean SST from a moving 30-yr climatology in the Niño 3.4 region) were obtained from the extended reconstructed SST, version 3b (ERSST v3b) provided by the National Oceanic and Atmospheric Administration's National Climatic Data Center (Smith et al. 2008) . Global surface temperature anomalies were obtained from the National Aeronautics and Space Administration's (NASA) Goddard Institute for Space Studies Surface Temperature Analysis (GISTEMP; Hansen and Lebedeff 1987) , in which ERSST v3b is used for SST anomalies.
CMIP5 and AMIP monthly simulation data were downloaded from the Earth System Grid Federation (ESGF). A total of 22 AMIP and 11 CMIP5 simulations are used, covering the periods 1979-2008 and 1979-2005, respectively . Only the first ensemble run is analyzed for each model simulation. Model information is listed in Table 1 . Additional information is available at the CMIP website (http://cmip-pcmdi.llnl.gov).
Results
The dominant interannual SST variations are associated with global warming and ENSO. Figure 1a shows the first (solid red) and second (solid blue) EOFs of zonally averaged interannual SST variations around their longterm mean for the years 1979-2012. For the principal component analysis, annual-and zonal-mean SSTs are computed from monthly SST variations around their long-term monthly mean. Variances and covariances are area weighted. The associated principal components account for 42% and 25% of the variance of the annual-and zonal-mean SSTs (Fig. 1b) , respectively. It is evident from the structure of the EOFs and of the principal component time series (Fig. 1b) that the first EOF represents a global warming signal, and the second is associated with ENSO (this is also confirmed by comparing the second EOF with the leading EOF of the residual of the regression of the SST time series versus the overall mean temperaturenot shown). Indeed, the SST difference between typical El Niño and La Niña conditions resembles the second EOF (Fig. 1a) , and the associated principal component time series correlates strongly with ONI (Fig. 1b) . The principal way in which ENSO variations manifest themselves in SST are changes in the meridional SST contrast between the tropics and midlatitudes.
The dominant interannual SST variations motivate a decomposition of SST variations into two simple orthogonal components: one associated with large-scale temperature changes and one associated with changes in meridional temperature contrasts between the tropics and midlatitudes. We define the indices Mean(SST) and Grad(SST) as the area-weighted mean SST anomaly between 6458 (total shaded area in Fig. 1a) and the difference between the mean SST anomaly between 208 and 458 in both hemispheres (dark shaded area) and the mean SST anomaly between 6208 (light shaded area in Fig. 1a ). This choice of latitude belts is motivated by the structure of the second (ENSO) EOF, showing contrasting SST variations between 6208 and midlatitudes. The 08-208 and 208-458 latitude belts are approximately of equal area, making Mean(SST) and Grad(SST) approximately orthogonal. Sensitivity of the results to variation of the latitude separating the tropical and midlatitude belts between 188 and 258 was weak, suggesting that the relevance of these indices is not restricted to present-day conditions.
Our choice of signs implies that Grad(SST) increases (becomes less negative) when midlatitudes warm, relative to the tropics, so it is negative during El Niño and positive during La Niña. The advantage of this sign convention is that HCW is expected to increase as either Mean(SST) or Grad(SST) increase, implying positive sensitivities of HCW with respect to either index. dominance of the trend during the period 1979-97 introduces autocorrelation in the SST time series, which reduces the effective number of degrees of freedom. The effective confidence bounds during this period are therefore expected to be larger than those shown. The overall (land-ocean) mean surface temperature anomaly (dashed magenta; GISTEMP) for the same period and latitude belt as Mean(SST) is shown for reference in the top panel. It is clear that Mean(SST) correlates strongly with the overall-mean surface temperature variations, but the inclusion of land areas in the temperature variations increases their variance. The ONI (dashed orange, multiplied by 21) is shown for reference in the bottom panel. As expected, Grad(SST) correlates strongly with ONI, with a (Pearson) correlation coefficient of 20.8.
To establish how the SST variations relate to HC variations, we define the terminus of the HC as the first latitude where the meridional mass streamfunction, averaged between the 850-and 300-hPa levels, changes sign poleward of the tropical extrema. The vertical averaging of the streamfunction reduces sensitivity to vertical structure (Kang et al. 2013; Davis and Birner 2013) . The resulting HCW (latitudinal distance between the northern and southern termini of the HC) has relatively small intermodel variability (e.g., Johanson and Fu 2009; Quan et al. 2014; Nguyen et al. 2013 ) but may disagree with other extent indices (Davis and Rosenlof 2012; Davis and Birner 2013) . This index is preferred here over other extent indices because it can be directly related to the dynamics at the HC terminus, as discussed in the following section.
The top panel of is predominantly due to the poleward migration of the HC terminus in the Northern Hemisphere (Hu and Fu 2007) , where the latitude of the terminus is also more variable than in the Southern Hemisphere. The standard deviation of the spread of HCWs across the reanalyses is 0.28, increasing with time at a statistically significant (p , 0.05) rate of 30% per decade. Figure 4 shows trends in HC extent in the Southern Hemisphere (left column) and Northern Hemisphere (right column) over the years 1979-2005 for the 6 reanalyses (orange triangles), for the 22 AMIP simulations (blue crosses), and for the 11 CMIP5 simulations (green dots) listed in Table 1 . Error bars mark Studentized 95% confidence bounds. Trends of ensemble means over reanalyses and simulations are shown without error bars. We note that AMIP trends in the Northern Hemisphere are weaker than those found by Allen et al. (2014) , most likely because of differences in model ensembles.
The spread in trends across reanalyses is much higher than that across models, both in AMIP and CMIP5 simulations (Quan et al. 2014 ). Latest-generation reanalyses (ERA-Interim, MERRA, and CFSR) exhibit, on average, smaller trends than those shown by the first-and second-generation National Centers for Environmental Prediction (NCEP) reanalyses. The Twentieth-Century (20C) Reanalysis assimilates a more restricted subset of surface data and exhibits trends close to those of the NCEP reanalyses. These trends are substantially larger than those found in AMIP models, even though, like AMIP models, the 20C Reanalysis is forced by surface conditions.
We calculate the sensitivity of HCW to variations in Mean(SST) and Grad(SST) for each simulation by linearly regressing HCW against the SST indices. The regression analysis is restricted to annual means so that any subannual lag between SST variations and the HC does not affect the results (Kang and Lu 2012; Davis and Birner 2013) . The regression model is
where the coefficients a 1 and a 2 represent the sensitivity of the HCW to variations in Mean(SST) and Grad(SST), a 0 is an intercept, and « is a residual. Figure 5 shows the sensitivities for each reanalysis and simulation (with error bars marking Studentized 95% confidence bounds) calculated using the longest available period in each dataset ). Figure 6 shows the relative contributions of Mean(SST) (green) and Grad(SST) (blue) to the observed HCW changes (orange) during the entire period over which reliable data are available (1979-2012; Fig. 6a) , and restricted to subperiods: 1979-97 (Fig. 6b) , and 1997-2012 (Fig. 6c) . The relative contributions are calculated by multiplying the changes in Grad(SST) and Mean (SST) during the given periods by a 1 and a 2 , respectively. On average, the regression model captures 98% of the total HCW change for the period 1979-2012 but much less for the shorter subperiods. The error margins per reanalysis and simulation ensemble are large, relative to the observed change in HCW. However, the consistency across reanalyses and simulations suggests that the regression model captures the key contributions to changes in HCW. Both Mean(SST) and Grad(SST) changes contribute to the HCW change from 1979 to 2012 in different proportion for different reanalyses and simulations. For the subperiods, the regression analysis shows that the observed HC widening from 1979 to 1997 was dominated by an increase in Mean(SST). By contrast, the more recent HC widening from 1997 to 2012, during the global warming hiatus, is dominated by an increase in Grad(SST) (i.e., more prevalent La Niña conditions). Because the sensitivity of HCW to Mean(SST) is low in AMIP simulations, nearly all of the HCW changes in AMIP simulations are attributable to Grad(SST). In contrast, variations in Grad(SST) tend to cancel out when averaged in CMIP5 simulations (because the SST is not observationally constrained so that ENSO events are not in phase with observations or among simulations). 1979-2012, 1979-2008, and 1979-2005 for reanalyses, AMIP simulations, and CMIP5 simulations, respectively (with the exception of 1979-2011 for the 20C Reanalysis).
Therefore most HCW changes in CMIP5 simulations are attributable to Mean(SST).
Discussion and conclusions
As already noted in previous studies, we found that the Hadley circulation generally widens when surface temperatures increase on large scales, as they do under global warming, and when temperature contrasts between the tropics and midlatitudes decrease, as they do under La Niña (e.g., Lu et al. 2007 Lu et al. , 2008 Frierson et al. 2007; Levine and Schneider 2011; Nguyen et al. 2013) . One way of interpreting these results, at least qualitatively, is that the HC terminates at the lowest latitude at which baroclinic eddies become sufficiently deep to reach the upper troposphere, leading to wave activity divergence poleward of that latitude and thus to uppertropospheric equatorward flow balancing the resulting angular momentum flux convergence there (Korty and Schneider 2008) . Relating the transition latitude to scaling theories for the depth of baroclinic eddies (Held 1978; Schneider and Walker 2006) leads to the expectation that the HC extends to where the isentropic slope first exceeds a critical value (Korty and Schneider 2008; see also, Held 2000; Walker and Schneider 2006; Lu et al. 2007) . Because the isentropic slope is a ratio of a meridional temperature gradient and a static stability, the HC is expected to widen as subtropical meridional temperature gradients weaken (as under La Niña) and/or as the static stability increases (as under global warming, because the dry static stability of a moist adiabat increases as the temperature increases). Making these qualitative mechanistic statements quantitative and testing them requires further study.
What we can conclude empirically and quantitatively is that variations in large-scale mean SST [Mean(SST)] and in midlatitude-to-tropics SST gradients [Grad(SST)] account for about two-thirds of the interannual HCW variations over the years 1979-2012 in six reanalyses. They account for a similar portion of interannual HCW variations in 22 AMIP and 11 CMIP5 simulations spanning the years 1979-2008 and 1979-2005, respectively . However, HCW sensitivities to variations in these indices differ substantially among reanalyses and climate models, and the statistical significance of trends and sensitivities is limited.
Regressing HCW variations on Mean(SST) and Grad(SST) suggests that the HC widening over the years 1979-97 is primarily associated with global warming. By contrast, the continued HC widening from 1997 to 2012 is mostly associated with Grad(SST) changes, consistent with reduced tropics-to-midlatitude temperature contrasts, such as occur under La Niña. More detailed analysis (Fig. 7) reveals that the primary contributor to these Grad(SST) changes is elevated midlatitude SSTs (especially in the Pacific) while tropical SSTs increase less. This is consistent with recent theoretical and observational studies that suggest the global warming hiatus is related to increased tropical deep ocean heat uptake brought about by more prevalent La Niña conditions while temperatures in the North Pacific are elevated (Meehl et al. 2011; Balmaseda et al. 2013; Kosaka and Xie 2013; Allen et al. 2014) . However, while these results are not sensitive to the choice of 1997 as the year for subdividing the record-choosing 1996 or 1998 as the subdivision year yields similar results-they vary considerably among reanalyses.
The large spread of HCW variations across reanalyses precludes a clear determination of the level of agreement between observed and simulated HCW trends (Quan et al. 2014; Davis and Rosenlof 2012) . The latest-generation ERA-Interim, CFSR, and MERRA reanalyses display similar HCW trends and sensitivity to variations in Mean (SST) and Grad(SST) as the climate models. On the other hand, the older-generation NCEP I and NCEP II reanalyses, as well as the 20C Reanalysis, display significantly larger trends and sensitivity to variations in these indices.
Ozone depletion may also play an important role in the HC widening, in particular at the Southern Hemisphere (Polvani and Kushner 2002; Polvani FIG. 7 . Time series of the zonally and annually averaged SST anomaly (ERSST) during in the latitude bands (top) 208-458N, (middle) 208S-208N, and (bottom) 458-208S. et al. 2011) . However, as shown here, the majority of the widening can be accounted for by SST variations, which are, at most, very weakly affected by ozone depletion.
